, an antianginal agent, inhibits late Na ϩ current. The purpose of this study was to determine whether there was an added benefit of adding Ran to cardioplegia (CP) in a model of global ischemia/reperfusion. Methods and Results-Isolated rat hearts were Langendorff-perfused and exposed to 40-minute normothermic, cardioplegic global ischemia and 30 minutes of reperfusion. Before ischemia and during reperfusion, hearts were treated with no drug (control) or with the late Na ϩ current inhibitors Ran (5 mol/L) or tetrodotoxin (1 mol/L). Ischemic cardioplegic arrest led to an increase of left ventricular end-diastolic pressure (LVEDP) by Ն20 mm Hg (ie, cardiac contracture). Ten out of 11 hearts treated with CP alone developed contracture, whereas 6 out of 11 hearts treated with CP plus Ran developed contracture. Ran added to CP reduced LVEDP at the end of ischemia from 41Ϯ5 mm Hg in CP alone to 26Ϯ3 mm Hg in CP plus Ran (Pϭ0.024). Area under the curve for LVEDP during the entire ischemic period was also smaller in CP plus Ran versus CP alone. The percent increase (from baseline) of LVEDP measured at the end of 30-minute reperfusion was smaller for CP plus Ran (66Ϯ18%) versus CP alone (287Ϯ90%; Pϭ0.035). The area under the curve for LVEDP during reperfusion was smaller in CP plus Ran versus CP alone. Tetrodotoxin (1 mol/L) also reduced cardiac contracture during ischemia/reperfusion, compared to CP alone. Conclusions-Our results suggest that Ran may have therapeutic potential as an adjunct to CP and further support a protective role of Na ϩ current inhibition during ischemia/reperfusion. (Circulation. 2009;120[suppl 1]:S16-S21.)
A lthough cardioplegia (CP) solution provides protection against ischemic cardiac arrest during surgery, enhancements in cardioplegic preservation methods are needed to match the increasing complexity of operations in the contemporary era. For most surgeons, a crystalloid solution admixed with blood forms the basic CP composition, to which pharmacological agents are added. Results of addition of Krebs cycle intermediates, 1,2 L-arginine, 3 and nicorandil 3, 4 to CP have resulted in mixed findings. Because inhibition of cardiac late Na ϩ current (late I Na ) has been shown to be cardioprotective, 5, 6 we determined if the addition of a late I Na inhibitor improved cardioplegic preservation of contractile function. Abnormally slow inactivation of Na ϩ channel current caused by ischemia leads to increased late I Na and results in accumulation of cellular Na ϩ . [7] [8] [9] Na ϩ overload leads to increased reverse mode Na ϩ -Ca 2ϩ exchange and Ca 2ϩ overload. 9 Ranolazine is an FDA-approved antianginal, anti-ischemic agent that inhibits late I Na . 10, 11 By blocking late I Na , ranolazine can reduce the amount of Na ϩ that can be exchanged for Ca 2ϩ via the Na ϩ -Ca 2ϩ exchanger and, subsequently, attenuate intracellular Ca 2ϩ overload, 10, 12 resulting in reduced left ventric-ular end-diastolic pressure (LVEDP) and improved ventricular relaxation. 11, 13 Compared to pharmacological manipulations of CP that produce hypotension, clinical experience with ranolazine as an antianginal agent has shown that it has little or no effect on blood pressure and heart rate. 13, 14 The purpose of this study was to investigate the potential use of ranolazine as an adjunct to CP and its protective role in the setting of potassium-based cardioplegic arrest. The effect of tetrodotoxin (TTX), a selective inhibitor of Na ϩ channel current, was also determined to confirm that inhibition of Na ϩ channel current was beneficial during cardioplegic arrest.
Materials and Methods

Isolated Langendorff-Perfused Heart
Hearts isolated from female Sprague-Dawley rats (Ϸ2 months old; Charles River Laboratories, Hollister, Calif) were Langendorffperfused. Rats were anesthetized with sodium pentobarbital (40 to 80 mg/kg, intraperitoneal) and heparinized (1000 U/kg, intraperitoneal). Hearts were quickly excised under full anesthesia and placed in prechilled (4°C) Krebs-Henseleit bicarbonate buffer (KHB), then cannulated through the aorta. The cannula was connected to a Langendorff apparatus and hearts were perfused with KHB solution (pH 7.4, 36°C, 95% O 2 plus 5% CO 2 ).
Measurements of Contractile Function
After equilibration, a distilled water-filled polyvinyl-chloride balloon was placed on the tip of a catheter and inserted into the left ventricular cavity. LVEDP was adjusted to Ϸ5 mm Hg by filling the fluid-filled balloon with distilled water. The balloon-tipped catheter was connected to a pressure transducer for measurement of intraventricular pressure. Data were collected using an AD Instruments (Grand Junction, Colo) acquisition system, and LVEDP and maximal rates of pressure increase (ϩdP/dt max ) and decrease (ϪdP/dt max ) were calculated. Coronary flow was measured by timed collection of the pulmonary artery effluent. The hearts were paced at a rate of Ϸ300 beats per minute. Indices of contractile function were measured before ischemia and at the end of the 30-minute reperfusion period. Cardiac contracture caused by ischemia/reperfusion (I/R) and the protective effects of CP and ranolazine were examined by measuring the time to development of 20 mm Hg of LVEDP during ischemia. The extent of reperfusion-induced contracture was determined by measuring LVEDP at the end of the 30-minute reperfusion period. Contracture was also assessed by quantification of the estimated area under the curve analysis for LVEDP during the entire ischemic and reperfusion period.
Experimental Protocols and Groups
Two sets of I/R protocols ( Figure 1 ) were performed. In both protocols, coronary perfusion with KHB was performed for 30 minutes and then terminated to induce global ischemia. CP was given at the onset and at 20 minutes into the ischemic period. Ischemia was followed by a 30-minute reperfusion. The ischemic interval of 40 minutes was selected to approximate the clinical time needed for construction of several coronary bypass grafts and was sufficient to impair contraction. Hearts were submerged in buffer during experiments to maintain normothermia.
To investigate the potential use of ranolazine as an adjunct to CP and the specific role of inhibition of late I Na , hearts subjected to I/R were assigned to 2 different groups: I/R CP treatment without (CP alone; nϭ11) and with 5 mol/L ranolazine (nϭ11; protocol 1). The 5-mol/L dose of ranolazine is a low dose that inhibits late I Na but is unlikely to affect other ion channel currents. 15 To confirm that reduction of Na ϩ influx is cardioprotective during I/R, 1 mol/L TTX, a known blocker of Na ϩ influx, was used in a second series of experiments (protocol 2).
Solutions
The composition of KHB solution was (in mmol/L): 118 NaCl, 10 glucose, 4.7 KCl, 2.5 CaCl 2 , 1.18 KH 2 PO 4 , 1.2 MgSO 4 , and 25 NaHCO 3 . The composition of CP solution (low-potassium Fremes) was: 0.45% normal saline with 18 mEq/L MgSO 3 , 100 mEq/L KCl, 12 mEq/L tromethamine, and 20 mL citrate phosphate dextrose solution (pH 7.95).
Statistical Analysis
Data are presented as meanϮSE. Differences in means between 2 experimental groups were analyzed using 2-sample t tests and confirmed using Kruskal-Wallis (which does not assume normally distributed data). If the Kruskal-Wallis test did not confirm the t test results, then the Kruskal-Wallis P value was reported (and noted with K-W). Equality of variances was tested using the Folded F-test (SAS Version 9.1; SAS, Cary, NC), and if the hypothesis of equal variances was rejected (PϽ0.1), then the t test using Satterthwaite approximation was used. The areas under the curves were calculated by ImageJ software (NIH, version 1.38). PϽ0.05 was considered significant. Differences in proportions were tested using Fisher's exact test.
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Results
Effects of 5 mol/L Ranolazine on Cardiac Contracture During Ischemia
To investigate a therapeutic use of ranolazine as an adjunct to CP and a specific role of late I Na inhibition in a model of cardioplegic I/R, a 5-mol/L dose of ranolazine was used to pretreat hearts before ischemia, and as a supplement to CP solution. There was no significant difference in LVEDP in the absence and presence of ranolazine at baseline during the 15 minutes of perfusion of hearts with KHB solution (1.9Ϯ0.1 versus 2.4Ϯ0.5 mm Hg, respectively; Pϭ0.330; Table 1 ). Ranolazine attenuated the I/R-induced increase of LVEDP. LVEDP measured at the end of ischemia was significantly lower in hearts treated with CP plus ranolazine (26Ϯ3 mm Hg; nϭ11) compared to hearts receiving CP alone (41Ϯ5 mm Hg; nϭ11; Pϭ0.024). Six out of 11 hearts treated with CP plus ranolazine reached an LVEDP of 20 mm Hg during ischemia, whereas 10 out of 11 hearts treated with CP alone reached LVEDP of 20 mm Hg (not significantly different; Pϭ0.149). The entire ischemic area under the curve for LVEDP was significantly smaller in hearts treated with CP plus ranolazine versus CP alone (Pϭ0.019; Figure 2A ).
Effects of 5 mol/L Ranolazine on Recovery of Postischemic Contractile Function
The percent increase in LVEDP from baseline to the end of 30-minute reperfusion was significantly smaller in CP plus ranolazine (66Ϯ18%) versus CP alone (287Ϯ90%; Pϭ0.035; Table 1 ). Area under the curve of the increase of LVEDP during the entire reperfusion phase was also significantly smaller in hearts receiving ranolazine than in hearts without ranolazine (Pϭ0.036; Figure 2B ). Values of ϩdP/dt max measured at the end of 30-minute reperfusion were not statistically improved (Pϭ0.112) by addition of ranolazine (Table  1 ). There was a nonsignificant trend (Pϭ0.087) toward better recovery of ϪdP/dt max in CP plus ranolazine hearts, compared to CP alone ( Table 1 ). The percent decrease in coronary flow at 30 minutes of reperfusion was reduced (that is, improved) in CP plus ranolazine hearts compared to CP alone (Pϭ0.017; Table 1 ).
Effects of 1 mol/L TTX on Cardiac Contracture During Ischemia
There was no significant difference in LVEDP in the absence and presence of TTX at baseline during the 15 minutes of perfusion of hearts with KHB solution (2.3Ϯ0.5 versus 1.8Ϯ0.3 mm Hg, respectively; Pϭ0.381; Table 2 ). All hearts treated with CP alone (10/10 hearts) and 7 of 9 hearts treated with TTX reached contracture (an LVEDP of 20 mm Hg) during ischemia (not significantly different; Pϭ0.211). However, LVEDP measured at the end of ischemia was significantly lower in hearts in which CP was supplemented with TTX (27Ϯ2 mm Hg) versus CP alone (38Ϯ4 mm Hg; Pϭ0.020). The entire ischemic area under the curve of the increase of LVEDP was also smaller in hearts treated with CP plus TTX than in hearts treated with CP alone (Pϭ0.048; Figure 3A ).
Effects of 1 mol/L TTX on Recovery of Postischemic Contractile Function
The percent increase of LVEDP from baseline to the end of reperfusion was significantly lower in hearts treated with TTX plus CP than in hearts treated with CP alone (Pϭ0.021; K-W; Table 2 ). The area under the curve of the increase of Data were presented as meanϮSE. Medians were reported in parenthesis. Isolated hearts were subjected to 40-minute cardioplegic ischemia followed by 30-minute reperfusion with and without ranolazine (5 mol/L). 
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LVEDP during the entire reperfusion phase was significantly smaller in hearts receiving TTX than in hearts with CP alone (Pϭ0.046; Figure 3B ). Values of ϩdP/dt max and ϪdP/dt max measured at the end of 30-minute reperfusion ( Table 2) were not significantly improved by the addition of TTX (Pϭ0.339 and Pϭ0.290, respectively, versus CP alone). There was a nonsignificant trend toward greater coronary flow at 30 minutes of reperfusion in CP plus TTX hearts compared to CP alone (Table 2 ).
Discussion
We investigated the effect of ranolazine to improve cardiac contractile function in a protocol wherein rat isolated hearts were exposed to global ischemia in the presence of cardioplegia solution, followed by reperfusion. A therapeutic con-centration of ranolazine (5 mol/L), at which the drug is a relatively selective inhibitor of late I Na , 12 was used. The major findings of our study were that inclusion of 5 mol/L ranolazine to cardioplegia solution resulted in less contracture during ischemia and a smaller elevation in LVEDP during reperfusion, compared to CP alone. Treatment of hearts with the selective I Na inhibitor TTX (1 mol/L) also significantly reduced the increases of LVEDP during ischemia and reperfusion, compared to CP alone. These results suggest that inhibition of the late I Na may benefit the ischemic, cardioplegia-arrested heart by reducing development of ventricular contracture during ischemia and by reducing ventricular diastolic wall tension during reperfusion. In addition, there was a trend to increased coronary flow during reperfusion in ranolazine-treated hearts. We speculate that the lower diastolic tension in ranolazine-treated hearts may allow better perfusion of subendocardial myocardium, thus leading to the observed trend to increased coronary flow in these hearts.
Because continuous perfusion of CP is used in cardiac surgical practice, a reduction of diastolic wall tension and an increase of coronary perfusion may lead to improved access of CP to myocardium and better cardioprotection. Various studies of animal models of I/R have provided evidence that late I Na is increased during I/R and that, coupled with enhanced Na ϩ -Ca 2ϩ exchanger activity, promotes cytosolic Ca 2ϩ overload, induces contracture, elevates LVEDP, and impairs cardiac contractile function. 9, 16, 17 Treatment with ranolazine, a selective inhibitor of the late I Na , delays cardiac contracture and reduces the LVEDP elevation and diastolic Ca 2ϩ overloading during I/R, suggesting an important role of enhanced late I Na as a cause of ischemia-induced myocardial damage and the protective effect of the inhibition of the late I Na during I/R. 9, 16 Using 50 mol/L ranolazine, we previously showed that adding ranolazine to CP attenuates ischemic contracture and contracture occurring during reperfusion. 18 The interpretation of that study was limited by the fact that ranolazine at a high concentration of 50 mol/L is not a selective inhibitor of late I Na . In this study, the effects of 5 mol/L ranolazine (a concentration within the therapeutic range and that is associated with selective inhibition of late I Na ) 15 and the effects of TTX, a specific inhibitor of Na ϩ channel current, were studied to better identify the mechanism of the protective effect of ranolazine. Ranolazine inhibits the late I Na with Data were presented as meanϮSE. Medians were reported in parenthesis. Isolated hearts were subjected to 40-minute cardioplegic ischemia followed by 30-minute reperfusion with and without TTX (1 mol/L). an IC 50 value of Ͻ6 mol/L. 15 At higher concentrations, ranolazine also inhibits other depolarizing and repolarizing currents, including I Kr (IC 50 12 mol/L), peak I Na (IC 50 240 mol/L), I CaL (IC 50 296 mol/L), late I CaL (IC 50 50 mol/ L), and I Na-Ca (IC 50 91 mol/L). 15, 19 Inhibition of the late I Na and Na ϩ influx is thus the predominant effect of Ͻ6 mol/L ranolazine, and the effect most likely to explain its cardiac protective action in the present study.
Various pharmacological interventions have been tested as adjunctive therapies to further improve cardioplegic protection and slow the process of myocardial ischemic injury, but the results of these studies have been inconsistent. Glucoseinsulin CP solution has been used to augment adenosine 5Ј-triphosphate formation in energy-deprived hearts. Although promising results were initially reported, 20 the existing evidence does not support the efficacy of glucose-insulin in patients at high risk requiring myocardial revascularization. 21 The use of ␤-adrenergic blockade as an adjunct to CP was advocated to reduce myocardial oxygen consumption, 22 but clinical application could be complicated by long-lasting, depressing effects of ␤-adrenergic blockade on cardiac contractility and heart rate. Hyperpolarizing agents such as the K ϩ channel opener nicorandil have been proposed as an alternative to depolarizing CP. 23 They arrest the heart at a membrane potential close to or more negatively than the resting potential. This approach theoretically reduces perturbation of ionic balance and maintains cellular homeostasis. Although early clinical success had been reported, nicorandil was shown to be harmful, and even to cause hypotension and arrhythmias. 4 In contrast, in clinical trials, ranolazine has minimal effects on heart rate and blood pressure. 13, 14 
Limitations
This study investigated cardioprotective effect of ranolazine using a small rodent model (Charles River Laboratories, Hollister, Calif). In rat cardiac myocytes, the level of cellular Na ϩ is much higher under normal conditions than that in rabbit, guinea pig, or human cardiac cells. 24 Differences in cellular Na ϩ handling among species 25 could potentially confound an estimation of the significance in the human of the enhanced late I Na during I/R and its inhibition by ranolazine in the rat. Second, although the present study investigated the efficacy of ranolazine using a low concentration (5 mol/L) that is known to specifically inhibit the late I Na , we cannot entirely rule out the possibility that ranolazine had small inhibitory effects on other ionic currents and that these effects contributed to protection of the ischemic heart. Finally, in this study, the protective effect of ranolazine in a normothermic crystalloid CP solution was determined, and the results should not be extrapolated to the model of cold-blood CP (that is the most commonly used myocardial protective strategy in today's cardiac surgery) without further investigation.
Conclusion
In conclusion, using a clinically relevant dose of ranolazine, the present study demonstrates a new therapeutic potential of ranolazine as an adjunct to cardioplegia, as evidenced by reduced myocardial contracture during ischemia, attenuation of the reperfusion-induced increase of LVEDP, and better preservation of coronary flow.
